Magainin 2 belongs to the family of peptides, which interacts with the lipid membranes. The present work deals with the effect of this peptide on the mechanical properties of 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine Giant Unilamellar Vesicle, characterized by the bending stiffness modulus. The bending elastic modulus is measured by Vesicle Fluctuation Analysis at biologically relevant pH and physiological buffer conditions and shows a dramatic decrease with increasing peptide concentration. The observed bilayer softening is interpreted in terms of a continuum model describing perturbations on the membrane organization. Our analysis suggests that the adsorbed peptides give rise to considerable local curvature disruptions of the membrane.
Introduction
Since their discovery 20 years ago as components of the innate immune system of the African clawed frogs Xenopus laevis [1] , magainins have been subject to intensive biophysical studies as model systems for the understanding of the interactions between antimicrobial peptides and biomembranes. Membranes are the likely target for the magainin actions because these peptides display a relatively unspecific and broadband antimicrobial activity [2] probably due to their amphipatic nature. More specifically, magainin 2 and its synthetic derivatives have been scrutinized. Magainin 2 consists of 23 amino acids with a net positive charge z=+4 [3] under physiological conditions (z=3.6 − 3.8 for the magainin 2-amide [4] ) . Numerous studies support the picture that magainins exhibit a random coil conformation in solution [5] [6] [7] . Adsorbed on membranes, they fold as α-helices lying parallel on the bilayer surface, their hydrophobic residues being buried into one of the monolayers of the lipid bilayer structure [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . At low adsorbed peptide densities, the helices are relatively spread on the surfaces [16] , while at higher membrane concentrations, pore-like structures resulting from the aggregation of transmembrane oriented peptides has been shown on oriented lipid bilayers by X-ray, circular dichroism and NMR studies [15, 17] . These properties are common to a variety of antimicrobial peptides including melittins, cecropins and ovispirins [18] .
The precise mode of actions for the antimicrobial activity of magainin and similar antimicrobial peptides is still unclear. However, the observed membrane lytic activity on biological membranes and the pore forming ability of
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
magainin in model membranes [19, 20] have focussed the attention on models where magainins break down the barrier properties of the membrane. In particular, different models of pores through the membranes have been popular for the magainin, like the transmembrane helical bundles (analogous to the barrel stave model for the alamethicin) [21, 22] , the toroidal model [3, 19] , the carpet model [23, 24] and the detergent like peptide model [25, 26] , for review see [27, 28] . It has been challenging to prove that the antimicrobial action is linked to any of these models. Further, it is complicating the matter that the models are not mutually exclusive and may be applicable at different system conditions. For magainin, it is clear that the membrane barrier capacity is reduced by the presence of peptides in the membrane, while the data cannot support the formation of well-defined membrane channels.
In the present study, we have demonstrated that another material property of the membrane, the bending rigidity, is severely affected by the presence of magainin 2. By analysis of the flicker spectrum of Giant Unilamellar Vesicles (GUVs) under physiological buffer conditions, we show that the bending rigidity of POPC vesicles is dramatically reduced at µM bulk concentrations of magainin 2. Furthermore, by use of a model interpretation of the data in terms of a continuum description of the membrane, we gain important information about model parameters and the local and global effects of the peptide insertions into a membrane. This work represents to our knowledge the first material characterization of GUVs under physiological buffer conditions. The paper is organized as follows. In Materials and Methods section, the peptide synthesis, the GUVs preparation under physiological buffer conditions and the technique of Vesicle Fluctuation Analysis (VFA) are presented. In the section Results and Discussion, the data from the measurements of the bending
rigidity are given and discussed, the effects of partitioning and electrostatics are treated and applied to our results. Finally, the data are interpreted in terms of a minimal continuum model describing the effects of peripheral peptides inclusions on membrane bending elasticity. µm column or a Waters Symmetry300 C 4 5 µm column, both 3.9 × 150 mm.
Materials and Methods

Synthesis of magainin 2
Preparative HPLC was carried out on a similar Waters system (with a Delta 600 pump) equipped either with a stack of three 40 × 100 mm column car- 
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Preparation of giant vesicles under physiological conditions 
protocol typically used for water or low-salt environments [29, 30] was modified in order to obtain giant vesicles under physiological buffer conditions [31] . The big difference with the standard protocol was the frequency used during the electroformation, that is to say 500 Hz instead of 10 Hz. When the electrodes were connected, an electric field of 150 mV at 500 Hz was applied during 10 minutes by using a waveform generator (Agilent 33120A 15 MHz function).
Then, the electric field at 500 Hz was increased until 1.35 V during 20 minutes and finally the electric field was pushed to 3.9 V for 90 minutes. Big vesicles with a diameter between 5 and 50 µm were visible on the electrodes. At the end, both the frequency and the amplitude of the electric field were decreased to respectively 3 Hz and 1 V for 30 minutes in order to facilitate the removal of the vesicles from the electrodes.
Vesicle fluctuation analysis
Vesicles were observed directly in the electroformation cuvette, which was placed in a home custom made temperature controlled chamber holder (30
• C). Vesicles were visualized using a phase contrast microscope (Axiovert S100
Zeiss, Göttingen, Germany), equipped with a ×40/0.60 objective (440865 LD Achroplan) and a magnification lens. The vesicle two-dimensional contour in the focal plane of the objective was thus obtained. A CCD Camera (SONY SSC-DC50AP) was used to capture a series of 3000 to 4000 contours in real time at a rate of 25 frames per second with a video integration time of 4 ms.
Using home custom made softwares, the bending elastic modulus was obtained for a given system as an average of 10 to 30 vesicles with a diameter between 5 and 30 µm. M A N U S C R I P T
ACCEPTED MANUSCRIPT
Vesicle fluctuation analysis was the technique used to determine the bending elastic modulus of POPC/magainin 2 systems. Values of the bending elasticity were extracted from thermally induced shape undulations of the membrane.
The shape of an homogeneous lipid bilayer is described by Helfrich's curvature free energy [32] :
where r 1 and r 2 are local curvature radii, and κ is the bending elastic modulus;
H 0 is the spontaneous curvature of the membrane, which reflects asymmetry in the composition of the two monolayer leaflets of the membrane. Due to the procedure used to form giant vesicles, we assume a complete symmetry in both monolayers, therefore H 0 = 0.
For each captured frame, the center of mass and the instantaneous vesicle contour in the focal plane are obtained and then the contour shape is characterized in polar coordinates r(φ, t). To quantify the shape thermal fluctuations, the angular correlation function of the relative radius fluctuations is calculated [33] :
where R is the average radius of the contour.
By expanding ξ(ψ, t) using Legendre polynomials P n (cosψ) ( ξ(ψ, t) = n B n (t).P n (cosψ), n ≥ 2 ) and making time average of the amplitudes in the Legendre expansion B n t , the spectrum of the shape fluctuations of the quasi-spherical vesicle is then obtained. The average of all coefficients, B n t ,
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is thus fit to a theoretical expression for the Legendre amplitudes:
where n ≥ 2. Here n is the Legendre mode number and, κ andσ are fitting parameters obtained by a χ 2 -fit of the Eq. 3.σ reflects the amount of surface excess area for the vesicle and is thus varying strongly between the vesicles.
Vesicles were selected when χ 2 min ≈ f , where f = n max − n min is the number of degrees of freedom for the χ 2 -fit, and when κ andσ were not excessively large. n min and n max are the lowest and highest modes to be considered in the analysis [34] . High κ values may indicate a multilamellar vesicle, while very largeσ values signal a tense membrane which may distort the analysis.
An alternative method in order to obtain the bending rigidity is the micropipette technique, where the low tension entropic elasticity yields information about the bending elastic modulus [35, 37] . However for membranes with partitioning agents, the vesicle fluctuations technique is superior, since an applied tension severely perturbs the partitioning into a membrane.
Results and Discussion
In this section, we will present and discuss the decrease in the observed bending rigidity of POPC-membranes in presence of magainin 2 and interpret the results in terms of membrane partitioning of magainin and its effects on the thermo-elasticity of bilayer membranes.
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Magainin effects on the bending elasticity
In this study, we investigate the physical perturbations induced by magainin 2 on the membrane. For that purpose the bending elasticity, κ, is a key parameter to describe membrane mechanical properties. In Fig. 1 , we clearly see the decrease of the bending rigidity κ as a function of the total peptide concentration C t p . A decrease in the bending rigidity of lipid membranes at low peptide levels in pure water has also been reported for alamethicin from the fungus Trichoderma viride and for mellitin from the venom of the honey bee Apis mellifera [38, 39] . This may indicate that the decrease in membrane rigidity is a characteristic of the interactions between membranes and these biomolecules.
It is noteworthy that the dramatic effects on membrane mechanical behavior observed here occur for very low peptide concentrations (micromolar range).
Besides, this decrease of the bending rigidity indicates that the peptides cause a softening of the membrane bending resistance.
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Partition coefficient influence
Our results for κ are plotted as a function of total concentrations of peptides (Fig. 1) . But, the effects observed on the membranes mechanical properties are induced by the peptides bound to the lipid bilayers. Therefore the interesting concentration is that of the bound peptide, C we need the partition coefficient K p , which is defined according to:
where C M p is the peptide concentration close to the membrane and C l the lipid concentration of the samples.
Consequently, the peptide area coverage AC p , parameter we choose in order to represent our experimental data, can be written:
where a p and a l are respectively the cross sectional area per peptide and per lipid equal to 340Å 2 for the magainin 2 [17, 40] and equal to 64Å 2 for POPC [41] .
Using a partitioning study previously published by Wieprecht et al., we can evaluate the peptide area coverage AC p (Table 2 ) from their determined partition coefficient of magainin for POPC SUVs in buffer (10 mM Tris and 100 mM NaCl) at 30
• C equal to 2000 M −1 [42] . K p was measured using the technique of isothermal titration calorimetry (ITC). The application of K p value obtained from SUVs study is based on the observation that partition of amphipatic helices is similar for large and small vesicles [4, 43] .
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Then using electrostatic calculations based on Gouy-Chapman theory, we have determined the C M p concentrations for each C t p one involved [42] . Thus, we can correlate the C t p concentrations to AC p percentages (Table 2) . For the first concentrations, the differences between the C M p concentrations and the C t p ones are not so important, because we are in presence of zwitterionic POPC membranes, very low magainin concentrations and buffer solutions of high salinity leading to a maximum Debye length l D ∼ 10Å, if we consider only the contribution of NaCl (screening effect). But, for the highest concentration, a major difference is noted due to the peptide adsorption on the membranes, leading to electric double layer effects. Now, the bending elastic modulus κ can be plotted as a function of the peptide area coverage AC p (Fig. 2 ). It appears thus clearly that magainin 2 effects on the bending rigidity are important for AC p percentages inferior to 0.5%, corresponding to a big decrease of κ and for higher AC p percentages, the magainin inclusions effects on κ seem to be less important, leading to a stabilization of the κ values.
Data modeling
In this part, we will present a simple continuum model describing the effects of peripheral inclusions on membrane stability. It will account for the presence of inclusions in the membrane, which will affect the local membrane curvature and induce interactions between inclusions within the same monolayer and from opposite monolayers.
The shape of a simple, symmetric membrane is well described by Helfrich's
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free energy (Eq. 1), where H 0 = 0:
In the very dilute limit, the distribution of inclusions on a flat membrane is well described by a 2-D ideal gas:
where ρ up = ρ 0 − ∆ρ/2 and ρ down = ρ 0 + ∆ρ/2 are respectively the local densities of peptides on the upper and lower monolayers, and a represents a molecular length scale in the membrane. ρ 0 is the overall average density while ∆ρ displays local variations around zero, since the two monolayers are symmetric. Eq. 7 is an expansion of F 0 gas up to 2 nd order in ∆ρ/ρ 0 .
The interactions between inclusions are included as the lowest order virial correction to the ideal gas expression Eq. 7. There are two possible contributions:
(1) The in-plane effective interactions between peptides within the monolayers:
Contributions to interaction parameter t can originate e.g. from the excluded volume effect t ∼ a peptide · k B T and from electrostatic 
(2) The intermonolayer effective interactions between peptides:
The effective interaction strength s between peptides locating on the two monolayer halves may involve electrostatics, Van der Waals forces and lipid packing effects.
There is no additional first virial corrections, which fulfill the up-down symmetry of the bilayer.
The final contribution to the free energy involves the coupling between the local shape of the membrane and the in-plane peptide distribution:
which is the simplest coupling term which respects the up-down symmetry.
λ · ∆ρ can be understood as a local spontaneous curvature. This description of peripheral proteins insertion has previously been applied in the literature [46] .
A simple stability analysis of the total free energy, F = F Helf + F 0 Gas + F 1 Gas + F 2 Gas + F Coupling , reveals that thermo-mechanical stability of the vesicle is affected by the presence of inclusions. An important result relevant for our measurements is that the effective bending rigidity measured by VFA is modified according to:
From Eq. 11, it follows that in the very dilute limit ρ 0 ≪ k B T /(t − s), κ eff decreases linearly with the surface concentration ρ 0 , where the slope 4λ 2 /(k B T )
yields information about the coupling λ between membrane curvature and the compositional asymmetry ∆ρ between the monolayers. At higher concentrations ρ 0 > k B T /(t − s), κ eff behavior will depend on the sign of the expression (t − s). If (t − s) > 0, κ eff may saturate at a value 4λ 2 /(t − s) lower than κ, while for (t − s) ≤ 0, κ eff vanishes, destabilizing the vesicle (Fig. 2, insert) .
The characteristic experimentally observed dependence of κ eff on the peptide density ρ 0 in the membrane (Fig. 2) can now be interpreted from the above model considerations. A fit to Eq. 11 predicts λ = 3.19 ± 0.37 10 −28 J · m and (t − s) = 4.45 ± 0.09 10 −36 J · m 2 , shown in Fig. 2 . In this dilute range of densities, these estimates are insensitive to the value of a p .
The obtained value of the coupling parameter λ corresponds to a high local mean curvature, (few nm) −1 . This leaves a picture of the membrane softening ability of magainin as originating from formation of local, mobile highcurvature spots on the membrane (Fig. 3) . Such an estimate of λ due to peripheral inclusions has not been estimated from experimental data before.
This coupling constant can in principle be calculated from lipid packing models [44, 45] .
The observed saturation of κ eff with increasing peptide coverage of the membrane makes the estimate of (t-s) relatively large and positive. Unfortunately, it does not allow for an independent estimate of the two effective inter-peptide the formation of temporal nanopores between monolayers [47] .
Conclusion
In the present study, we have conducted the first characterization of the material properties of GUVs at physiological buffer conditions. We have demon- Table 1 Effects of magainin 2 on POPC membranes at 30 • C. Values of membrane bending rigidity, κ, were measured by flicker analysis. Error on κ represents standard deviation from the mean value of a vesicle population. Table 2 Correlation between the concentrations of magainin C t p and C M p and the magainin area coverage percentages of the membranes AC p .
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